We provide theoretical consideration of intersubband transitions designed in the ultrawide bandgap Aluminum Gallium Oxide ((AlxGa1-x)2O3)/Gallium Oxide (Ga2O3) quantum well system. Conventional material systems have matured into successful intersubband device applications such as large area quantum well infrared photodetector (QWIP) focal plane arrays for reproducible imaging systems but are fundamentally limited via maximum conduction band offsets to mid-and long-wavelength infrared applications. Short-and near-infrared devices are technologically important to optical communications systems and biomedical imaging applications, but are difficult to realize in intersubband designs for this reason. In this work, we use a first-principles approach to estimate the expansive design space of monoclinic β-(AlxGa1x)2O3/Ga2O3 material system, which reaches from short-wavelength infrared (1-3 µm) to far infrared (>30 µm) transition wavelengths. We estimate the performance metrics of two QWIPs operating in the long-and short-wavelength regimes, including an estimation of high roomtemperature detectivity (~ 10 11 Jones) at the optical communication wavelength λp = 1.55 µm.
to the wavelength-tunability of optical intersubband transitions [25] . Nonpolar GaN eliminates these internal fields, but is very challenging to grow and wafer size is limited, whereas such aspects are necessary for a scalable device.
Gallium Oxide (Ga2O3) is an ultra-wide bandgap transparent conducting oxide; its unique properties have motivated research into device applications such as high-power transistors [31] and solar-blind, deep-ultra-violet photodetectors [32] . The most stable phase, β-Ga2O3, has a bandgap of 4.6 eV and monoclinic crystal structure [33] . A large CBO is achieved in β-Ga2O3 by alloying with Aluminum. β-(AlxGa1-x)2O3 is predicted to be stable at concentrations up to x = 0.7 [34] ; at this concentration, the bandgap increases to 6.3 eV with a type-II band-alignment [33, 35, 36] and nearly no valence band discontinuity-CBOs of up to 1.7 eV are theoretically available [33, 34] . In addition, recent density functional theory (DFT) predictions show gamma-valley electrons isolated by at least 2 eV to neighboring valleys [37] . This is important for ISB devices because inter-valley scattering via satellite valleys distracts from intersubband transitions and is detrimental to device performance.
With the increasing availability of large-area β-Ga2O3 bulk single-crystal substrates suitable for epitaxial growth [38, 39] , this emerging semiconductor material holds promise for device applications. The successful demonstration of high-quality epitaxial thin-films of β-Ga2O3 using metal-organic vapor phase epitaxy (MOVPE) [40] [41] [42] [43] and molecular-beam epitaxy (MBE) [44] [45] [46] [47] [48] techniques motivates research into heterostructure-based devices. With a large CBO and rapid materials development, the β-(AlxGa1-x)2O3/Ga2O3 material system clearly shows potential for scalable ISB devices operating in shorter wavelengths than conventional materials.
In the following work, we use a self-consistent Schrodinger-Poisson solver to predict the ISB design space of single β-(AlxGa1-x)2O3/Ga2O3 quantum well structures which spans peak transition wavelengths as large as 80 μm and as short as 2 µm. Using first-principles models and approximations, we estimate performance metrics (dark current, responsivity, and detectivity) of two β-(AlxGa1-x)2O3/Ga2O3 QWIPs operating at detection wavelengths of λp = 1.55 µm (SWIR) and λp = 9 µm (LWIR). Our results demonstrate long-wavelength performance on par with conventional cryogenically cooled detectors and short-wavelength performance comparable to existing devices. Section II introduces the simulation methods and physical models used to estimate spectral response and performance characteristics. Section III discusses the intersubband design space of (AlxGa1-x)2O3/Ga2O3 quantum well structures. Section IV summarizes the design of SWIR and LWIR QWIPs and discusses estimated performance metrics. Section V summarizes the theoretical estimates of this work and offers future directions in light of these findings.
II. Methods and Models
Band diagram and electron wavefunctions are calculated using the AQUILA MATLAB toolbox, developed by M. Rother [49] . AQUILA utilizes a user-defined material database, providing self-consistent solution of Schrödinger and Poisson equations for a user-defined structure under an applied electric field. The wavefunction and eigen energy solutions are compared to another Schrödinger-Poisson solver, Bandeng [50] and found to be consistent. β-(AlxGa1-x)2O3 band gap energy and conduction band offsets as a function of Aluminum composition x are found using Vegard's law, with bowing parameters determined by the theoretical work of T. Wang et al [33] . We assume a single band, isotropic electron effective mass that is linearly interpolated also using Vegard's law. The material properties used in AQUILA are summarized in Table I .
Parameter

Value Reference
, 2 3 (eV) 4.69 [33] , 2 3 (eV) 7.03 [33] ,( ,( 1− ) 2 3 10 Assumed All simulation structures consist of a single Ga2O3 quantum well surrounded by two (AlxGa1-x)2O3 barrier regions; total structure width is held constant at 200 Å. The range of peak transition wavelengths are calculated by varying the quantum well width Lz from 2 to 14 nm for a
given Aluminum composition x. For each width, x is varied from 0.1 to 0.8. The well region is undoped, and we obtain the confined electron wavefunctions and eigen energies.
For this work, we only consider transitions from the ground state |1⟩ to first excited state |2⟩, for which the energy separation E21 = E2 -E1 determines the peak transition wavelength λp = hc/E21. To calculate the absorption coefficient [25] , we use Fermi Golden Rule. The oscillator strength between |1⟩ and |2⟩ states is represented by the dipole matrix element M21, which is calculated from the wavefunction overlap integral [25] :
where e is the fundamental charge of the electron, ψi is the normalized wavefunction of the i-th subband, and z is the direction perpendicular to device layers. In terms of M21, the absorption coefficient is then expressed as [25] :
where c is the speed of light in vacuum, λ is the wavelength of incident light, µ0 and ε0 are the permeability and permittivity of free space, respectively, and εr is high frequency dielectric constant of the well region. The sin 2 θ term accounts for the polarization selection rule of intersubband transitions, namely only light polarized with an electric field component perpendicular to the quantum well plane is absorbed [52] . We assume θ = 45°. The right-hand term is a Lorentzian broadening factor, with half width at half maximum (HWHM) equal to ħ/τ, where ħ is reduced Planck's constant and τ is the coherence decay time. The value of τ is influenced by several mechanisms including interface roughness scattering and optical phonon emission [53] . Theoretically estimating τ for Ga2O3 quantum wells is beyond the scope of this work, so a representative range of 50 fs-5 ps is used. The 2D carrier density of the i-th subband, ni, is calculated from the 2D density of states and Fermi-Dirac statistics:
where k is Boltzmann's constant, T is the temperature, and fi is the occupation probability of the i-th subband. The fermi level is determined by the background-limited infrared performance (BLIP) condition EF = E1 + kT. The absorption probability η is then calculated by considering the path length of light crossing a single quantum well region:
The dark current is the current flowing through a biased detector, with no incident photon flux. For a given quantum well structure, the dark current versus applied field response is calculated using the Levine model [12] . The Levine model starts by determining an effective 3D density of electrons above the barrier from the thermal distribution of 2D electrons, multiplied by the tunneling transmission probability T(E,F) for an electron at energy E and applied electric field F [52] :
Lp is the period width of one well and one barrier region. f is the Fermi-Dirac distribution with fermi level Ef = E1 + kT given by the background-limited infrared performance (BLIP) condition.
The transmission probability T is calculated using WKB approximation [52] :
where zc is the classical turning point, mb * is the electron effective mass of the barrier, V0 is the potential barrier height of the well, and E is the electron energy. Both V0 and E are referenced to the bottom of the well. The dark current density Jdark is then calculated using the drift current equation:
The drift velocity v(F) is calculated assuming a mobility µ that is interpolated across a range of recent experimental measurements of MOCVD-grown epitaxial thin films at varying temperatures [41] . We assume the mobility of the β-(AlxGa1-x)2O3 barrier is the same as that of Ga2O3. Saturation velocity vsat is taken to be 10 7 cm/s agreeing with theory and observed values [54, 55] :
The photoconductive gain gphoto of a QWIP describes the ratio of photoexcited electrons arriving at the collector contact to the number of absorbed photons. To calculate gphoto, it is necessary to consider the relevant processes for electron escape and capture from the well. A photoexcited electron in the E2 state can escape from the well region via tunneling to the barrier.
Thus, the escape time τesc is found using the transmission probability of Eq. (5), at an "attempt frequency" ν/2Lz [52] :
The photoexcited electron may also relax back into the E1 state before escaping the well. To describe this process, we take the intersubband relaxation time τrelax to be the decoherence time used to describe absorption linewidth in Eq.
(2).
A continuum electron travels above the barrier and crosses the quantum well period Lp during some transit time τtrans, calculated using drift velocity of Eq. (6):
The continuum electron may not make it across the well region but instead scatter to the E1 state i.e. capture into the well. The capture time τc is calculated as the continuum-to-bound scattering time via optical phonon emission. For the extended states near the top of the barrier, τc is expressed as [52, 56] :
where h is Planck's constant, ΔEco is the cutoff energy (defined as the energy difference between the top of the barrier and the E1 state), ELO is the longitudinal optical (LO) phonon energy, I1 is a dimensionless integral, and ϵ∞ and ϵs are the high-frequency and low-frequency dielectric constants, respectively. The value for ELO is taken here to be 21 meV, which has proven to be the dominant mode in β-Ga2O3 at low electric fields [57] . The I1 integral is approximately equal to 2 for the continuum-to-ground interaction, irrespective of the exact shape of the quantum well [56] .
The probability that a photoexcited electron escapes the well and contributes to photocurrent is the escape probability pesc which is defined in terms of τrelax and τesc. Similarly, the capture probability is expressed by τtransit and τc [52] :
= + (13) gphoto is defined using the ratio of pesc to pc [52] :
For these calculations, the number of quantum well periods N is always 1. The responsivity R describes the device current at a given incident light power. With an expression for gphoto, R is calculated using the value of η found in Eq. (4) [52]:
= ℎ ℎ (15) The specific detectivity D * offers a meaningful figure of merit that is comparable across QWIP designs. D * is defined as signal-to-noise ratio per incident power, normalized to detector area A and measurement bandwidth Δf [52] :
The noise current in of a QWIP receives dominant contributions from both thermal fluctuations of Jdark as well as background photon noise. To calculate the background photon flux ϕB,ph, we assume an ideal blackbody source [52] :
, ℎ = ∫ sin 2 2 ( ) (17) A field of view full cone angle θ of 30° is used in this work, the photon irradiance LB is given by Planck's law at an assumed background temperature T [52]:
It is important to note the difference in gain mechanisms between background noise and dark current noise, which is described in detail by Liu et al [58] . An electron excited into the excited |2⟩ state by a background photon has a probability pe of contributing to the noise current and thus is sufficiently described by gphoto. The escape mechanism of dark current is inherent within the Levine model as Eqn. (5) explicitly includes transmission probability to continuum, T(E,F).
Thus, the dark current noise gain gnoise is solely expressed using pc [58] :
Where again, N = 1 for this single quantum well consideration. The dark current noise in,dark, background noise current in,b, and the expression for D * follows: 
Note that Eq. (20) is proportional to gnoise while Eq. (21) is proportional to the square of gphoto. This difference is based on the different gain mechanisms and is discussed in more detail by [58] .
III. The (AlxGa1-x)2O3/Ga2O3 Design Space
As discussed in section I, the β-(AlxGa1-x)2O3/Ga2O3 (AGO/GO) material system enables a large range of conduction band offsets (CBOs) and an expectedly large design space. The design space is found by plotting the peak absorption wavelength λp (the wavelength at which Eq.
(2) is maximized) vs x for a family of well widths Lz. The β-AGO/GO design space for x ranging from 0.05 to 0.7 and Lz ranging from 2 nm to 14 nm is shown in Fig. 1 . For a given barrier composition
x, λp increases with Lz due to decreasing E21. Each Lz curve approaches the infinite-well energy separations as x increases. At low x, the first excited state approaches the top of the barrier. Only bound states are considered in Fig. 1 , which is the reason for the truncated Lz = 2 nm curve. When
x is further reduced, the |2⟩ state becomes unbound. The minimum detection wavelength is set by the maximum CBO of the material system.
Since β-phase is predicted to be thermodynamically stable to 70% Al2O3 composition, this sets a maximum CBO of 1.7 eV. 
IV. Design of SWIR and LWIR QWIPs
To estimate QWIP performance throughout the design space, two β-(AlxGa1-x)2O3/Ga2O3
QWIPs operating in the technologically significant short-wavelength infrared (SWIR) and long- As evident from Eq. (1), M21 is directly related to the wavefunction overlap integral. As wavefunction overlap decreases, the interaction weakens, and M21 decreases proportionally. The effect of applied electric field on the dipole matrix element for the LWIR structure is shown in Fig. 4 ; the top of the barrier and ψ2 wavefunction are plotted as an inset at electric field values F = 10, 20, and 40 kV cm -1 . ψ2 extends into the barrier regions at high fields, resulting in a reduction of | 21 | with applied bias.
The effect of applied electric field on the dipole matrix element for the SWIR structure is shown in Fig. 5 . The value of | 21 | is about 30% lower and a downward slope is also seen at high fields. The decreased | 21 | is explained by stronger confinement of the ground state wavefunction in the deep well of the SWIR design. Penetration depth δi of the i-th wavefunction into the classically forbidden region decreases as the energy separation from the top of the barrier, U0 -Ei,
Since U0 -E2 is similar between the SWIR and LWIR designs, the penetration depth of the excited state, δ2, differs only slightly between the two detectors. On the other hand, the potential well is much deeper for the SWIR device (U0 -E1 is about 809 meV compared to 148 meV in the LWIR design). The ground-state wave function is almost 3x as spread out in the LWIR device, with δ1 = 9.5 Å compared to only about 3.8 Å in the SWIR detector. The value of M21 for the SWIR detector will be smaller than the LWIR detector because the wave function overlap is in general less. The SWIR detector also demonstrates an exponential increase in dark current, over 13 orders of magnitude, but at T = 150 K Jdark is only 6.3 × 10 -21 A cm -2 (Fapp = 20 kV cm -1 )-nothing compared to that in the LWIR design. The reason behind highly suppressed Jdark is the large CBO for x = 0.42 (1.07 eV) versus x = 0.09 (148 meV). The top of the barrier in the SWIR design is located at Ef + 62kT and the number of thermally-excited carriers is comparably negligible. Thus, the SWIR design exhibits extremely low dark current values, 1.4 × 10 -7 A cm -2 , even at T = 300 K, which suggests background-limited performance may be achieved at room temperature, implying the possibility of uncooled short-wavelength QWIPs. It should be noted that the model used in Eqn. 7 assumes dark current is dominated by thermionic emission and thermionic field emission, which is typically the case for LWIR QWIPs given their small barrier heights. However, such models tend to underestimate dark current in LWIR QWIPs at very low temperatures where other tunneling mechanisms become prevalent [60] . In this work, we have not considered dark current contributions from defect-assisted tunneling, which have been experimentally demonstrated and theoretically investigated by others [61] [62] [63] [64] . In reality, the calculated dark currents of Fig. 7 could be significantly higher due to trap-assisted tunneling via barrier region defects. Background-limited performance is desired to achieve the best possible signal-to-noise ratio, and thus detectivity, in the detector. Background-limited operation is achieved when the noise contributions from dark current are equal to or less than that from background radiation i.e.
when Eqs. (20) and (21) are equal [52] . In Fig. 8 , peak responsivity and noise current contributions for the LWIR detector are plotted versus applied electric field at T = 150 K. The R vs F curve is typical for bound-to-bound devices-R exhibits a flat region at low fields where the escape probability, pesc, is zero, but increases once pesc becomes appreciable. As gphoto increases, R follows this trend but peaks as ψ2 spreads into the barrier region at high F. Decreasing dipole strength causes R to drop at high F. At T = 150 K, in,dark is the dominant contributor to noise, more than 4 orders of magnitude larger than in,b. This is not surprising considering the large dark currents previously noted in Fig. 6 . At T = 150 K, the LWIR QWIP is dark-current limited. In Fig. 9 , peak responsivity and noise current contributions for the SWIR detector are plotted versus applied electric field at T = 150 K. Peak responsivity is lower because of the smaller M21, as discussed previously. Since dark current is greatly suppressed, the dominant noise contribution is switched for the SWIR detector. It is observed that in,b is about 3 orders of magnitude greater than in,dark. At T = 150 K the SWIR QWIP is background-limited. Peak detectivity D * versus applied field is plotted in Fig. 10 for the LWIR QWIP at T = 77 K and T = 150 K. D * , like responsivity, also reaches a peak value. Peak D * is 8.64 × 10 9 cm Hz 1/2 /W at T = 77 K and 7.61 × 10 7 cm Hz 1/2 /W at T = 150 K. Detectivities of conventional QWIPs are around 10 9 -10 11 cm Hz 1/2 /W; it is clear that the LWIR design must be cryogenically cooled to achieve conventional performance.
With a larger barrier to thermally-excited electrons, the SWIR QWIP is expected to offer higher detectivities. The peak D * vs F curve for the SWIR detector is shown in Fig. 11 at T = 150 K and T = 300 K. Peak D * is 3.52 × 10 14 cm Hz 1/2 /W at T = 150 K, which is nearly 7 orders of magnitude larger than the LWIR detector at the same temperature. Such large detectivities still hold at room temperature, with D * reaching 5.84 × 10 11 cm Hz 1/2 /W at T = 300 K. As noted before, Jdark, and thus in,dark could be much greater in considering additional dark current mechanisms.
Even if Jdark = 10 -10 A cm -2 , peak D * only reduces to 1.6 × 10 13 cm Hz 1/2 /W at T = 150 K and 5.8 × 10 11 cm Hz 1/2 /W at T = 300 K. Peak detectivity versus temperature is compared between measurements of existing LWIR and SWIR QWIPs in Figs. 12 and 13 . The error bars express the range of detectivities for the range of τ which was assumed in Eqn. 2 (the lower error bar corresponds to τ = 50 fs and the upper error bar to τ = 5 ps). Fig. 12 includes some conventional materials for LWIR [13, [65] [66] [67] [68] as well as a novel approaches using the wide bandgap II-VI ZnCdSe alloy system [20] . Fig. 13 includes attempts at achieving short-wavelength QWIPs by using wide bandgap materials [19, 26] , GaInAsN alloys [69] , and the use of strained double barrier structures [70] . It is important to note that the referenced detectors utilize multiple quantum well designs each with a different number of quantum wells N. This work demonstrates the promise of Gallium Oxide-based intersubband devices. As a first-principles approach, there are several areas needing further development. Most prominently, a stricter consideration of scattering mechanisms in Gallium Oxide materials is needed to fully understand decoherence and relaxation processes. Thorough theoretical and experimental investigation of dark current mechanisms in Ga2O3 materials is also necessary. With promising results on a single quantum well QWIP, the opportunity to explore optimized doping, operating temperature, and MQW designs is a future pursuit. The first experimental confirmation of infrared absorption in AGO/GO quantum wells is necessary to confirm these theoretical findings. Beyond the QWIP, an expansive design space of heterostructures implies opportunities for other intersubband devices, namely RTDs, QCLs, and QCDs which remain to be explored.
V. Conclusion
This VI.
